Throughout the life cycle of oat plants carbonic anhydrase activity, which is restricted to the non-chloroplast fraction of leaves, reaches a maximum value and then decreases. After appearance of deficiency symptoms carbonic anhydrase activity is less in zinc-deficient plants than in fully manured controls of the same age and is associated with a lower zinc content of the leaves.
INTRODUCTION
Carbonic anhydrase (CA) activity in plants has been reported by N eish (1939), Day and Franklin (1946) , Bradfield (1947) , Waygood and Clendenning ( 1950) , and Sibly and Wood (1951) . Keilin and Mann (1940) established that CA isolated from animal tissues was a zinc-protein enzyme.
The enzyme from plant sources differs from that present in animal tissues in several respects and notably in its relative insensitivity to metal-protein inhibitors. Day and Franklin (1947) found no inhibition of CA activity by cyanide in crude leaf extracts; Bradfield (1946) obtained about 70 per cent. inhibition of CA in crude extracts from sugar beet by 1.0 X lO-2 M KCN; using a partially purified enzyme preparation from spinach-beet, Sibly and Wood (1951) obtained 65 per cent. inhibition with 1.0 X lO-2 M KCN but practically no inhibition with 1.0 X 10-3 M KCN; and Waygood and Clendenning (1950) 1.0 X I()-3M KCN, the percentage inhibition being greater at the same concentration of KCN for dialysed extracts. In crude extracts of tomato leaves, used in the work described below, 1.0 X lQ-3M KCN caused 50 per cent. inhibition and 1.0 X IO-:-2 M KCN complete inhibition of CA activity.
It is clear that preparations of CA from different species of plants vary appreciably in their sensitivity towards cyanide. Waygood and Clendenning (1950) have suggested that, if CA is a zinc protein, the zinc moiety may have less affinity for cyanide than other heavy metals present, and Sibly and Wood ( 1951) showed that copper as well as zinc was present in their preparations. However, all authors agree that CA preparations from plant sources are much less sensitive towards cyanide than those from animal sources; Keilin and Mann ( 1940) found that 4.0 X lQ-6M KCN caused 85 per cent. inhibition of the purified enzyme from animal tissues.
There is agreement among investigators concerning inhibition of CA activity from plant tissues by sodium azide; Bradfield (1947), Waygood and Clendenning (1950) , and Sibly and Wood (1951) all report about 75 per cent. inhibition by 1.0 X lQ-3M azide.
The preparations of Keilin and Mann ( 1940) from blood contained 0.31-0.33 per cent. zinc; the purest preparations of Sibly and Wood contained 0.056 per cent. zinc, not removable by dialysis against water.
It cannot be said with certainty that CA in plants is a zinc protein but in this paper the relation between CA activity and zinc content of leaves has been investigated. Two experiments are described; in the first CA activity was measured at intervals throughout the life cycle of oat plants grown in water culture with and without addition of zinc; in the second tomato plants were grown in water cultures lacking zinc until incipient zinc deficiency symptomsappeared, zinc was then added to the culture solutions, and CA activity and zinc and protein-N contents of leaves measured at relatively short time intervals.
II. CARBONIC ANHYDRASE ACTIVITY THROUGHOUT LIFE CYCLE OF NORMAL AND ZINc-DEFICIENT OAT PLANTS, EXPERIMENT 1 (a) Material and Methods
Wood and Sibly (1950) described the distribution of zinc in organs of oat plants (Avena sativa L. var. Mulga) at different growth stages. In the experiment described as·· experiment 3 in that paper, CA activity of leaves was also measured at each harvest, viz. 21, 49, 91, 121 , and 140 days after sowing, and these data are now presented here. Details of cultural treatment and of solutions employed are described in the paper cited. Seeds were sown on May 17, 1948. The fully manured series (+ Zn) received 0.2 mg. zinc per litre, the other series (-Zn) received no additional zinc. Lesions characteristic of zinc deficiency appeared on leaves of -Zn plants 95 days after sowing.
For estimation of CA activity, leaf extracts were prepared from aliquot samples of fresh material as described by Sibly and Wood (1951) . For measurement of activity the "boat" apparatus of Meldrum and Roughton (1934) was used and the unit of activity adopted was the "enzyme unit" (E.U.) of the same authors but measured at 5°C.
Zinc and copper contents were estimated polarographically by the method described by Wood and Sibly (1950) . .
Intact chloroplasts were isolated from aliquot samples of fresh leaf material and their chlorophyll contents determined by the methods described by Hanson, Barrien, and Wood (1941) .
All measurements are expressed on a dry weight basis.
(b) Results
(i) Localization of CA Activity.-No CA activity was detected at any time in roots or stems, but only in leaves of oat plants. In a comparative study CA activity, zinc and chlorophyll contents were estimated in mature leaves of fully manured oats and spinach-beet and also in intact chloroplasts isolated from samples of these leaves. No CA activity was observed in chloroplasts of oats but with spinach-beet approximately 35 per cent. of the total CA activity in the leaf was localized in the chloroplasts. Since we carried out these estimations, Waygood and Clendenning (1950) have shown that in most plant species examined CA is adsorbed on chloroplasts and can be largely removed from them by repeated washings with water or with an alkaline buffer. 
::c: In fully manured oats 18 per cent. of the total leaf zinc (9.7 p,g Zn per g. fresh weight of leaves) and in fully manured spinach 52 per cent. of the total leaf zinc (2.9 p,g. Zn per g. fresh weight of leaves) occurred in the chloroplast preparations. A partition of zinc between cytoplasm and its inclusions, probably variable in amount between species, therefore occurs, but since there is probably mobilization of all zinc reserves in deficiency the CA activity (apparently localized in the cytoplasm) has been related to the zinc content of the whole leaf.
(ii) CA Activity in Leaves.~A activities and zinc and copper contents of leaves at 'each harvest in each series are set out in Table l III. EFFECf OF ADDED ZINC ON CA ACTIVITY OF ZINC-DEFICIENT TOMATO PLANTS, EXPERIMENT 2 Seeds of tomato (Lycopersicon esculentum Mill. var. Pan America) were soaked for 3 hoUrs in cold bleaching powder solution and germinated on waxed mosquito netting over the culture solution described below. Seeds were sown on March 14, 1951. Sixteen days after sowing, seedlings were transferred to culture solutions in 3-litre Pyrex beakers covered externally with black paper. Molar stock solutions were prepared and purified (Stout and Arnon 1939) , and tested for heavy metal impurities with dithizone and chloroform. Glassdistilled water, tested similarly, was used to prepare all solutions. The composition of the culture solution was that recommended for tomatoes by Cheng Tsui (1948a) . Each beaker contained 3 1. culture solution and plants were . supported with paraffined cotton in holes drilled in waxed cane-board covers. The culture solution was aerated throughout each day.
Eight seedlings were placed in each of 10 beakers; the culture solutions in eight of these beakers received no zinc whilst that in the remaining two received 0.02 p.p.m. zinc as ZnS04'
Signs of zinc deficiency were first obvious 47 days after sowing when -Zn plants were smaller than controls with red-purple coloration at the base of the main stem. Between days 47 and 57 the following progressive symptoms appeared: reduction in size of plants was followed by reduction in size and number of leaves; yellow areas appeared on veins near the base of the leaves and spread outwards along the veins; later these chlorotic areas appeared in interveinal areas, causing a mottled appearance in the leaf; the leaves curled at the margins and leaf and leaflets became depressed owing to curvature of the petiole and midribs. At this time stems of -Zn plants were markedly purple, especially towards the base, and at a still later stage axillary buds developed to a greater extent in -Zn plants than in controls and these also were purple. On day 57 necrotic areas were beginning to dry out in a few leaves. On this day the mean height of plants was 14.9 cm. in -Zn plants and 23.5 cm. in controls; the mean number of leaves on -Zn plants and controls was 5.6 and 6.4 respectively, and the mean length of the third leaf above the cotyledons was 13.9 cm. on -Zn plants and 18.1 cm. on controls.
On day 58 the pots received the following treatments, two pots being used in each treatment: treatment A, original controls which had received 0.020 p.p.m. Zn 16 days after sowing; treatment B, no additional zinc; treatment C, 0.005 p.p.m. Zn; treatment D, 0.02.0 p.p.m. Zn; treatment E, 0.050 p.p.m. Zn.
Plants were harvested on three occasions, viz. harvest I, on day 58 immediately before application of zinc treatments; harvest II, 3 days after application of zinc treatments; harvest III, 7 days after application of zinc treatments.
At each harvest five plants were taken at random from each treatment, all leaflets removed and weighed. Duplicate samples, each of 2.5 g., were taken for immediate determination of CA activity. The remaining leaflets were dried and weighed, and zinc and protein N determined on replicate samples.
Leaves increased in dry weight during the experimental period; increment being least in treatment B ( Table 2) .
The dry weights of the 2.5 g. samples of fresh leaves used for CA estimation are given in Table 3 . Analysis of variance performed on the data showed no signincant effect of time or treatment. Over the time intervals used in our experiments addition of zinc did not cause significant increase in water content as described by Cheng Tsui (1948b) . The material was homogeneous and PLANT CARBONIC ANHYDRASE AND ZINC 249 either fresh or dry weight would be equally satisfactory as a basis for expression of analytical data; a dry weight basis has been chosen. CA activity and zinc content of leaves were estimated as described in the previous experiment. For determination of protein N, aliquots of the finely ground leaf material were warmed at 40°C. for 15 minutes with distilled water, boiled for 1 minute, cooled, the pH adjusted to 4.5 with trichloracetic acid, and filtered; nitrogen was determined on the residue by the micro-Kjeldahlmethod. Mean values for all estimations are presented in Table 4 . IV. DISCUSSION Data from the experiment with oats (Fig. 1) show that CA activity on a dry weight basis increases to a maximum value and then decreases throughout the latter part of the life cycle, although maximum values do not occur at the same time in normal and in deficient plants.
A similar temporal drift in most leaf constituents on a dry weight basis, e.g. nitrogen, phosphorus, and inorganic constituents generally (cf. Petrie 1937; Goodall and Gregory 1947; Piper and Walkley 1943) , is a general feature for leaves analysed at different stages in their life cycle. The chief causes of these drifts are exponential increase in amount of dry matter at a time when external supply of nutrients is decreasing and translocation of materials occurs from leaves to other developing organs.
The temporal drifts of zinc and copper contents together with CA activity are shown in Table 1 In the -Zn series CA activity follows the same trend as does zinc content;
for + Zn plants this is only true during the latter stages of the life cycle. During early stages of the life cycle CA activity in + Zn plants shows small increase associated with large increase in zinc content between harvests I and II, and between harvests II and III CA activity increased whilst zinc content decreased. It is not legitimate to compare relations between CA activity and zinc content at different harvests since the plants are in different physiological states and stages of ontogeny, and the basis of expression alters markedly with time (cf. dry weights per 5 g. fresh weight at each harvest in Table 1 ). In this experiment comparisons can be made between CA activity and zinc content at the same harvest in the two series and it is apparent that at the last three harvests (i.e. after appearance of zinc deficiency symptoms in -Zn plants) the CA activity of -Zn plants is less than that of the controls and is associated with low zinc content of -Zn plants compared with controls.
Similarly in the experiment with tomatoes, + Zn plants (treatment A, Table   4 ) possessed appreciably higher CA activity than ---, Zn plants.
There is evidence therefore that, compared with that in controls, CA activity is relatively low in zinc-deficient plants, but the type of experiment described above does not permit relations between CA activity and zinc content to be established. Zn; the coefficient of Zn is significant at P < 0.01.
If CA in plants is a zinc-protein enzyme, the effect of zinc deficiency in decreasing CA activity observed in the previous experiment might be due to one of the following possibilities:
(a) Zinc may not be present in amount sufficient to combine with all the apoenzyme present to form CA.
(b) Zinc deficiency may limit other metabolic processes, e.g. one of the precursors of the protein moiety of the enzyme.
To decide between these possibilities, the experimental technique adopted was to grow tomato plants in culture solutions lacking in zinc and so provide uniform ontogenetic material; varying amounts of zinc were then added to the culture solutions in which these uniform plants were growing and, after short time intervals to minimize growth changes, CA activity and zinc and protein-N contents were determined.
In seeking for relations between CA activity and the other constituents measured the whole of the data from treatments B, C, D, and E have been pooled. Plants of treatment A were at a different growth ~tage and cannot be compared with the foregoing. CA activity shows highly significant correlation (P < 0.01) with zinc content (see Fig. 2 ). If CA is a zinc-protein enzyme ,and if zinc were utilized as the prosthetic group and not for other tissue processes to the same extent, then the ratio zinc/CA activity should tend to remain constant as the zinc content increases until the apoenzyme was fully activated, when the ratio should increase. In Figure 3 the ratio zinc X 10/CA activity is plotted against zinc concentration. No such relation as that postulated is evident; the ratio increases in a linear manner with increased zinc content. It is apparent that zinc did not limit CA activity in zinc-deficient plants by its presence in concentration too low to activate a ready-formed apoenzyme. The second alternative stated above was therefore investigated, viz. that zinc could affect CA activity by limiting the formation of the protein part of the enzyme. From Figure 4 it can be seen that protein-N content of the leaves of the experimental plants shows a highly significant positive correlation (P < 0.01) with zinc content. Figure 5 shows a highly significant positive cor-253 relation (P < 0.01) between CA activity and protein N. The ratio protein N X 10/CA activity plotted against protein N (Fig. 6 ) is approximately constant Over the whole range of values of protein N.
,.., .... We conclude therefore that deficiency of zinc limits the formation of CA as well as that of other proteins. The experiments described here throw no light on the problem whether CA is a zinc protein; if it is one, then the concentration of zinc required for formation of the protein moiety is higher than that required for the prosthetic group.
The results described in this paper draw attention to two points which should be mentioned. First, the need for care in comparing enzyme activities in deficient and normal plants should be emphasized. It is apparent that zinc deficiency causes decrease in CA activity; it is probable that deficiency of any inorganic nutrient which is essential for any of the stages antecedent to protein formation would also cause decreased CA activity. Second, plants with different ontogenetic and cultural history should not be compared. It should be . noted in Table 4 that the values in any category for the fully manured series (treatment A) belong to a different population of values from those in the experimental series; in particular CA as a percentage of the total protein is higher in treatment A than in the experimental series.
Our finding that zinc is essential for production of CA in particular and for protein in general supports the results of Cheng Tsui (1948a) eluded that the decreased auxin activity observed in zinc-deficient plants was associated with decreased tryptophane content; addition of zinc resulted in increased tryptophane and auxin contents.
